In the financial year 2009/10, the Great Britain (GB) rail infrastructure manager, Network Rail, spent £32 million on the failures within switches and crossings. Approximately 53% of those failures occurred within the switch panel. In addition, two major incidents in GB in recent years have highlighted a lack of understanding of the loads and vibrations experienced by, and the consequent rates of deterioration of, switch panels. This paper describes work which has been undertaken to help improve understanding of in-service loads experienced by switch panels and their consequent deterioration rate. Field experimentation has been designed and installed on four sites around GB, with the same design of switch. The change in response to loading, and the rate of deterioration, of the switch panels at each site was monitored over time. The effect of the vehicles and the deterioration were analysed individually before a comparison between the four sites. The analysis from the strain gauge measurements showed that there was an increase in the variance and maximum strains generated on the stock rail with the switch closed compared to when the switch is open. Finite element analysis was used to validate variation recorded by the strain gauges under similar loads.
Introduction
The aim of this research was to understand the change in material response through site observation and monitoring over time. The infrastructure manager can use this information to monitor the various stages of the asset life cycle. Greater understanding of the assets response to loading types and ground conditions are necessary for the prediction of deterioration trends that can be used to increase efficiency of maintenance and renewal practices. This research was initiated from the lack of knowledge of forces being imparted to the switches and crossings (S&C) from vehicles, which was highlighted by the Office of Rail Regulation (ORR) and Rail Accident and Investigation Branch (RAIB) investigation into the Grayrigg derailment. 1 Section 414 of the RAIB report states that: '. . . Network Rail's incomplete understanding of the design and performance of S&C, and it's inspection and maintenance requirements, was an underlying factor in the accident at Grayrigg'. 1 This shows that the forces and the deterioration of the switch and crossing unit were not well understood by the industry.
Switches and crossings are complex assets; with moveable sections of rail manoeuvred by points operating equipment (POE), and longitudinally profiled switch rails to provide the ability for train running on various routes in a safe manner. On the GB railway infrastructure, there are over 20,000 sets of S&C. In addition to this quantity, the complexity arises from over 200 different varieties of S&C on the GB infrastructure through changes in the design, manufacturing and installation variables. S&Cs have historically taken 24% of the maintenance budget and 23% of the renewal against 5% of the track miles. 2 A typical S&C unit has an expected life of 25 to 60 years through regular operations, with the period of renewal dependant on the speed and tonnage of trains passing over the unit. This duration has been determined through historic renewal data and excludes any defects that may shorten life, such as poor geometry and manufacturing irregularities. For routes with high speeds, above 128 km/h, or tonnage above 25EMGTPA (equivalent million gross tonnes per annum), the expected life is 25 years. These types of turnouts have 2.1% of the total GB S&C population currently. An S&C unit is shown in Figure 1 . 3 The typical life increases incrementally up to 60 years for routes with speeds below 40 km/h and 6EMGTPA, which make up 23% of S&Cs.
The moveable section of the switch was originally designed by Charles Fox in 1832, 4 with the design including profiled section of rail, and the moveable components. These design principals are still used in current S&C. Before the design by Fox, sliding rails were used to allow for transferring between routes.
British Rail Research (BRR) completed research focused on the instrumentation of crossings due to the cost of manufacture and installation and thus switches in GB have not been instrumented. BRR instrumented crossings in the 1970 s and 1980 s to compare strain found from loading due to variations in designs, manufacturing companies and various vehicles impact. [5] [6] [7] [8] Thirty-nine gauges were used by Boutle 7 in 1978 to compare bending strains of two crossings, with Groom 8 studying the effects of speed restrictions on the strain in crossings, as discussed in Infrastructure based experimentation.
More recently, the modelling of S&Cs has been completed focusing on the contact conditions between the wheel and the rail and the effect of the variable wheel and rail profiles.
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The case for using field experimentation Experimentation can be split into two areas: laboratory and field testing. Laboratory testing has the advantage of completing large numbers of cycles within a controlled environment, but would be complex and costly for a whole switch panel, with large amounts of space and complicated rigs needed. For switch rails, field experimentation is the best way to monitor the change in strain over the life cycle of the asset as it monitors in-service vehicles including the effect related to rolling contact.
Field experimentation can be separated into two sections; vehicle based and infrastructure based.
Vehicle-based experimentation
Vehicle-based instrumentation allows forces and loading variations over the whole asset to be monitored from the vehicle perspective, examples include loaded flatbeds for vertical forces 5 and more recently through instrumented wheelsets, such as Kassa and Nielsen. 9 This allows for measuring many different types of S&C under known and controlled loading. This output includes the vehicles response to a change in the contact conditions and the discontinuities in the running path. The advantage of this would be for a single passage over an asset to collect data at all locations along the S&C unit or to compare the different types of infrastructure assets. Disadvantages include it being very complicated to align multiple runs to monitor deterioration, the measurements are only at the location of the contact between the wheel and rail so highly susceptible to wheel profile on the measurement vehicle and being aligned to the majority of the traffic that traverses the unit. The monitoring of a single vehicle would mean that a comparison between freight and passenger would be difficult to monitor.
Infrastructure-based experimentation
Infrastructure based instrumentation allows for a single asset to be monitored over a period of time 12 where a crossing was installed with no switch panel. Nicklisch et al. 12 were able to calculate the vertical wheel / rail contact forces for a single locomotive, with a maximum wheel-load of 172 kN. The force measured was for a 1:12 crossing. This crossing angle is not found in GB and there was no research completed on the strain within the switch in these tests. Groom 8 states that the variation in strain due to speed through crossings is minimal. In his research in 1973, strain gauges were placed on speed restricted sites of the crossing on East Coast Main Line. Type 4 coaches were monitored over the site with speeds ranging from 60 km/h to 125 km/h, which gave strains of between 55 me and 400 me. Groom states that the higher strain values are exacerbated due to poor ground conditions. Table 1 shows the failure statistics between 2006 and 2013, and their correlation to the S&C failure numbers to show the percentage of failures that are seen within S&C units. These failure minutes include all delays of the S&C, including POE, and show a reduced delay annually for S&C in the 5 years of the study.
Failure analysis
The delay minutes are still larger than the 5% of the infrastructure that the S&C comprise.
The failure analysis in this research used three Network Rail databases. These are:
. GEOGIS: store of asset information, such as location, type of asset and age. The benefits include being the main store of infrastructure asset knowledge for GB. The issue is that the database has been found to be approximately 90% accurate, 13 with errors historically occurring from inaccuracies through updates.
. These three databases give information on the type of switch unit that has failed, the reason behind the failure and the costs that are associated to the failure through delays. Additional details on some of the process of events to resolve the failure were also included, but the quality of the recording varies depending on the description and knowledge of the data entry. The data that was used in this research was from January 2009 to May 2012 for all S&C failures, and the associated delay cost for the failures.
Component failure
Each S&C unit contains many individual components: e.g. rail; sleepers; slide baseplates; clips. To ensure that the instrumentation is in the correct location to give the most beneficial outputs, the delay costs attributed to the various components are identified from the TRUST database. The justification to understand the failures of the various components within the S&C unit is to ensure that the instrumentation outputs are highly pertinent to the failures within S&C units.
The justification for this research focusing on switches rather than the entire unit was due to a large percentage of failures within the switch panel. Figure 2 shows the component failures within the S&C unit and reveals that the switch blade was the most likely to fail, with 53% of components of S&C railway asset (e.g. rail, ballast) failures. The failures are for the track based assets only, and points operating equipment statistics were removed as these were not considered in the research. This trend was seen throughout the various lengths of S&C units. This trend was due to the moveable component of the rail emphasising stress raisers which generates a higher dynamic loading from the transfer from the switch rail to the stock rail. Figure 2 shows the switch rail generates a high cumulative delay due to compromising the safety of the railway and the necessity to place a speed restriction or stop vehicles from running until the rectification is completed. It has been found that the switch is the key component within switches and crossings by studying the total delay costs that was imposed on Network Rail from January 2009 to May 2012. Table 2 shows some of the design characteristics for the shallow depth, vertical switch and crossing units from the Network Rail Track Design Handbook, NR/L2/TRK/2049.
14 Figure 3 shows a shallow depth switch, which have a fully profiled stock rail and a manufactured reduced height switch blade that is positioned above the stock rail foot on a baseplate.
Gþ switch length category has combined longer assets with a small population to simplify some of the analysis, whilst still representing the higher speed aspect of the S&C populations. The design characteristics (24.4 m turnout length; 1264 m switch radius) are for the G length design as that is the smallest design that is included in the Gþ classification.
Switch and crossing failure mechanism
With the information of the design of S&C and the failure statistics, it was possible to understand which failure mechanism occurred within the various design and length of switch.
Once the failure has been discovered, it is necessary to rectify the issues that have been raised to ensure that the railway is operational and safe. The common failure modes from the statistics have been grouped into three 'failure classifications': plastic deformation; fracture; and wear. RCF is not included in the failure mode classification as the statistics show that less than 1% of delay costs were caused by RCF within S&C.
The rectifications are the process to fix the issue that caused the delay. Combining a rectification cost with the delay costs gave the instrumentation an overall cost relevance, or failure cost. The costs included materials and labour to complete the rectification. When there is more than one rectification for a problem, i.e. fracture can be a replacement unit or replacement weld, or weld repair; a percentage of each rectification costs were applied, using information within the databases on the rectification. From using the failure classifications, the associated switch lengths were investigated to see the variation of the damage mechanisms within classifications. Figure 4 shows the percentage of failures for each of the switch lengths and the accumulation of the failure mechanisms against the total number of failures within S&C rail. It shows that the C length switch has the largest percentage of failures over the network, which is due to the high population of the C length switch (48%).
Plastic deformation (38.6%) and worn (39.6%) classifications are the two largest in failure costs, with the occurrences of fracture less often (21%), but with greater costs for rectification. Figure 5 shows the total costs of the failures, including the rectification costs.
From Figure 5 (a) it can be seen that the switch length C had the highest percentage of total failures costs. This was due to the large population of the C length switch. In general, the higher speed switches tend to see more wear damage due to the dynamic forces removing the top layers of the material. The A length switch tend to stay in service for longer durations 3 due to their lower track classification which means that the unit is replaced due to excessive wear. When normalising the cost against the number of S&C units, Figure 5 (b) shows the high speed (Gþ Switch) and the low speed (A Switch) had higher costs / unit along with the mid speed (D Switch). Whilst the A length and G length switches had a higher failure cost / unit, the population is small in comparison.
The lateral forces applied to the rail through the turnout route are a result of the change in rolling radius of the wheel on the rail. These forces are a result of the lateral offset of the contact due to the centrifugal forces applied on the vehicle and the relative velocity between the wheel and the rail 15 as they traverse the curve. Centrifugal force is calculated through equation
where F c is the centrifugal force, W is the weight of a vehicle, assumed 40 t, which is similar to a Mark 4 coach that runs on the East Coast Mainline, V is the maximum allowable turnout speed and R is the radius of the turnout. Using the maximum speed of the turnout route, and assuming constant radius curves, the centrifugal forces have been calculated and shown in Figure 5 (c). The largest theoretical values for centrifugal forces are for the extreme lengths, the A length and G length switches. After these extremes, the D length switch experiences the next highest centrifugal force. These higher centrifugal forces result in larger forces into the infrastructure and can manifest in increased likelihood of failure mechanisms, such as wear and RCF.
The mid-speed switch, D length, has the highest overall failure cost per unit, followed by the short, A length switch. The maximum failure mode is the worn classification, but the D length switch also has the highest figure for fractured rail. The highest cost per unit for the D switch is due to the large cumulative effect of the increased number in fractured rails.
The D length switch is the most significant for the first phase of instrumentation, excluding the extremes. This is due to 28% of failure costs and £520/unit, whilst having the second largest population of S&C, 16%.
In the financial year 2012-2013, a total of 1500 failures were caused by the S&C components, causing a delay to the network of over 115,000 min. This equates to a cost of over £3 million to the infrastructure company increasing to £32 million for all delays within S&C, which includes POE. Failure statistics were analysed to understand the type of failure that occurs within the current design to ensure the instrumentation is positioned in the pertinent locations. S&C are highly complex assets, which have many components with a 5% track length against the total track distance of infrastructure. S&Cs have design classifications to generate eight allowable speeds and infrastructure constraints. The statistical analysis was completed to focus the instrumentation parameters and understand the current in-service degradation of S&C.
Design of experimentation
Design of experimentation (DOE) is a statistical tool that can allow for many designs to be monitored and analysed through a few representative units. Field experimentation is necessary to measure large quantities of in-service loading data that would otherwise be unobtainable due to reasons including complex contact between the wheel and the rail and limited space. Table 3 outlines the four sites within a DOE structure for the experimentation. A DOE procedure was set up in line with the results gained from the failures statistics 16 showing that the D length switch (13 m switch rail length, 370 m turnout radius 14 ) has high industrial relevance due to significant delays, failure costs and large population. SC1 has been classified as the reference site and has been instrumented since installation to gain the initial wear rate phase.
Block design parameters for design of experiments
A block design is a DOE technique that ensures that pertinent parameters are covered for instrumentation from a statistical perspective. The block design was set up to allow for multiple parameters to be compared over the duration of the project. The subsequent sections explain the parameters, the various scalable levels, and the effect levels of the parameters were expected to have on the results from the various instrumentation sites. The five variable parameters and levels are:
. Rail inclination: vertical or inclined -Rail inclination changes the contact location as the wheel and rails contact moves with the inclined rail due to the crown design and the wheel profile being more conformal. This could change the deterioration rates that are seen through S&C. . Line speed: V1 (lowest) to V3 (highest) -The speed of the through route of the S&C unit can make changes to the location of contact and the location of the transition. . Track quality -Track geometry is a complex parameter to monitor and keep consistent. The track quality influences the behaviour of the vehicles and thus the forces within the contact patch. Three quantifications have been created, but the track quality will change throughout the experimentation. . Traffic Type: Passenger, Freight or MixedZwanenburg 3 commented that the higher the freight percentage, the lower the chance of failure as the freight routes tend to be used less, albeit by larger axle loads.
. Annual tonnage: T1 (lowest) to T3 (highest) -The larger the annual tonnage, the more likely the asset will fail due to the loading and material removal.
Method of instrumentation
Monitoring of the S&C behaviour and the change in response from loads was achieved through using strain gauges. Strain gauges were used as they have the ability to be attached to the rail to continuously generate data which can be monitored and analysed. The strain gauges were installed on the neutral axis (NA) to ensure that the bending strains were kept to a minimum and in the centre of sleeper spacing to remove the influence of the sleeper stiffness. As the vehicle passed over the gauges, the shear strain was recorded, without the influence of the structure bending. This allows for a greater and clearer understanding of the response of the material to the loading. The disadvantages include the installation on the NA is highly complicated, with the distance 82.26 mm from the base. 17 The influence of the bending strain increases as the gauge moves further from the NA, but has been determined through finite element modelling 18 not to be a significant factor in the error levels, within vertical installation tolerances.
Thirty-two gauges were installed on the reference site (SC1), 16 gauges on non-reference (SC2-4) of which the following locations have been analysed within this paper:
. 1.2 m from switch tip as this monitors the loading on the switch tip and the moveable section of the rail . 4.5 m from switch tip on reference site (on SC1) as this is within the influence of the transfer of wheels from one rail to another. This was not deemed to be installed on the non-reference sites as the tips were thought to be more significant. . 8 m from switch tips to include some of the reduced web section to monitor the effect of lateral movement on the material response.
Instrumentation results
The instrumentation was placed on S&C units with varying time in service and different yearly loading due to the key parameters found in failure statistics and previous studies. 16 The variation in age of the S&C units instrumented was to give a representation of the development of strain over a longer duration. The cumulative tonnage allowed monitoring of the change in strain due to the total vehicles that had traversed the units. Three of the four sites gave clear and useable data, with SC2 giving unreadable information due to presence of noise which could not be filtered out. This means the data gained from Site 2 was not used. (Figure 7(a) ), whilst the closed switch (Figure 7(b) ), has a standard deviation of 17.8. This shows that there is a small change in the contact estimated through the closed switch blade which is due to the transfer of the loading. After 125 MGT (million gross tonnes), the increase in the standard deviation on the open switch rail is to 30.4. As the shear strain is being monitored, with bending strain being reduced due to the location of the gauges, this increase is due to the deterioration of the system and transfer of forces in the contact of the rail. Figure 7(b) shows a much larger increase in the standard deviation over 125 MGT, with an SD of 68.3.This larger uncertainty rises from the variations in the transfer from the switch rail to the stock rail and the additional dynamic forces induced by the transferring of contact from the switch rail to the stock rail.
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Results from Rail 4 have not been shown due to the small (31 of 123 datasets) number of datasets that exceeded the 50 me RMS trigger. The traffic for Figure 7 (a) to (c) and (e) are only vehicles passing over the through route, with Figure 7(d) showing the turnout routes. The change in strain is highest towards the switch tip, seen in Figure 7 (b). Figure  7 (d) shows larger strain; however, this is due to loading of heavier axles on the turnout route of which was populated by laden freight.
There has been a variation in the strain seen by similar vehicles at the same locations at the same tonnage. To understand this variation in response to similar loading, finite element analysis (FEA) modelling was carried out, which is shown in Figure 8 .
Validation
Two conclusions from the results need to be explored to understand their impact. The two factors explored are:
1. The contact location is changing 2. The change in under rail stiffness over time.
To validate some of the reasons behind the variations in strain, a static FEA model was created for a plain line section of rail. The purpose of this section is to give justification to the wide range of strain values that were recorded from similar vehicles. This was completed due to the output from the stock rail being monitored, and the additional complications from variations in geometry of the switch rail. A drawing of the model is shown in Figure 8 , along with the outputs from the various models. A convergence was completed on the mesh, and a 2 mm hexahedral mesh through the gauge location was deemed most suitable due to the time to complete and 1.8% variance in output in line with smaller meshes. For the change in ground conditions over time, variations in the under rail stiffness were modelled, studying anomalies (with one sleeper variable stiffness), and deterioration (two or more sleeper variation). The steady-state ground condition for a single rail is deemed to be 50 MN/m as that is the value used within industry as a steady state for normal railway was derived from the experimental studies.
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Vampire Õ uses the value of 50 MN/m for the rail stiffness under contact conditions on a single side, i.e. the stiffness of the rail is included in the stiffness value. Industry experts 21, 22 claim that the track stiffness varies from 25 MN/m (equivalent to a multiple (>4) unsupported sleepers) to 200 MN/m (on very firm, contaminated ground) from experimental studies. The ground conditions for a single under rail stiffness in the first simulation, k f2, ranges from 10 MN/m to 100 MN/m, and in the second scenario k f2 and k f3 are varied, with equal stiffness. The model enables a change of ground condition to be monitored, either with a track defect (single sleeper variation) or geometry irregularity (two sleepers). A load equivalent to 20.5 tonnes (1000 MPa) was applied to the surface of the rail, which is equivalent to a Class 91, which are the locomotives on the East Coast Mainline High Speed Train. Figure 8 shows the outputs from the model and the variation due to the change in lateral contact locations, and the two variable ground conditions shown above the plots. The change in the stiffness is shown along the x-axis, and the y-axis shows the strain that has been modelled and outputted from the location of the gauge.
Analysis and outcomes
A tenth-order low-pass Butterworth filter was applied to the outputted data at 100 Hz, as it was found that above that frequency was insignificant through a fast Fourier transform analysis of the strain data. 18 About 50 Hz was also removed through a passband filter due to the electromagnetic current (EMC), generating large amounts of noise. Tenth-order Butterworth filters were found to give the cleanest removal of unwanted frequencies without distorting the surrounding data.
The model gave a range of strain at the standard stiffness (50 MN/m or greater) of 40 me, with 48 me at 5 mm to 90 me at vertical loading. The 5 mm offset is not uncommon on site; with the variation in the wheel profile due to wear often causing a shift in the contact location. In reality, this exact wheel profiles are not known for the sites, and thus the conclusion that this is the only reason for the variation in the strain is inconclusive.
An exponential decay relationship is shown for the strain against increasing ground stiffness, with stiffness greater than 50 MN/m showing a constant strain output. This shows that the ground conditions are also fundamental to the general condition of the rail; with a low ground conditions 2.5 times the strain values for a single sleeper and doubling the vertical loading for multiple sleeper variation. This is unlikely to be the cause of the variation of the single vehicles at a single site, but can be seen that the deterioration of the ground conditions have a large contribution to the strain over time. Whilst the conditions should not get to a stiffness of 10 MN/m, the increase is still significant for the lower stiffness. It can also be seen that a single sleeper variation has a larger detrimental effect on the stiffness as the response to the loading has a larger deviation from the other sleepers, and thus the strain is increased.
Other contributing factors to the increase in the variable strain gauge outputs for the similar vehicles could be due to the dynamic effect of the loading as the vehicle travels over the gauge.
Conclusions and future work
Four sites, of which three sites were used, were selected and instrumented to understand the deterioration of switch through field experimentation. DOE from failure statistics showed that switch rail is highly pertinent as it sees the majority of the failures from the S&C units. The failure costs have shown a variation of deterioration through plastic deformation and wear depending on the length of the switch. Field experimentation was installed on sites that were determined through DOE techniques, with six parameters for the experimentation examined: switch length; rail inclination; line speed; track quality; traffic type; and annual tonnage.
Strain gauges showed that there was a larger increase in the outputs for the stock rail with the closed switch blade due to the cumulative transfer from one rail (switch rail) to another (stock rail). A range in strain output of up to 90 me was recorded from the strain gauges for similar vehicles.
Validation of the variation from a single vehicle type has shown that a 5 mm variation in the contact position can increase the strain by approximately 50 me. This shows that a change in the lateral contact can have a large effect on the strain generated at the gauge. Validation was completed to study the effect on the general ground conditions to understand some effects of deterioration. A single sleeper variation (voiding) and a double variation (deterioration) were modelled and showed an increase of up to 2.5 times for a single sleeper and double for general deterioration. This shows that the quick change in ground conditions has a larger material response and thus variations over a small distance have greater significance in the deterioration than over larger distances.
The conclusions have been drawn from the information that has been collected. To solidify some of the conclusions, additional data is being collected and will be analysed to give additional trends when available. The development of validated modelling of the interface between a wheel and the transfer from switch to stock rails will help to reduce the need for continued collection of data that is available and could be developed to continue the trends for deterioration rates.
